UNCLASSIFIED

0 272 008

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

;2005017.6!61

wnm

UNCLASSIFIED




NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose ;
other than in connection with a definitely related .
government procurement. operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
suppliel the sald drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in anyv marner Liccmzcing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
ratented invention that may in any way be related
thereto. '




s,
Pt

AFSR 1889

THEORITICAY. INVESTIGATION

"' OF SOLID PROPEL LLANTS

. Ir %‘
, gi '

- by
7 {‘
D I 3

;:3 J A, VANDENUEZORROVE

b Lecturer at the lnndltute of Aeronauties

' Unlversity of Breanele '

Belolem
R 'PDP\T

TECH INECA ?3%-*&‘5; 33

L T CONTRACT NR. AF 61'{352) . 354
’ JULY 1961 ’

A S Tf'ﬂ -
P} [0 ,} )
o FES 231962 ;ig«
!
Uuu*“'»‘ga”m )
i TISiA A

I 'i‘{w rmeerch rcarem«“‘ in thie éeam@ne has heon

&
6 K85 ;‘ﬂ‘\.f




MONITORING AGENCY DOCUMENT NR.
ASTIA DOCUMENT NR.

THEORETICAL INVESTIGATION"
OF EROSIVE BURNING

OF SOLID PRCPELLANTS

by

J.A. VANDENKERCKHOVE

Lecturer at the Institute of Aeronautics
University of Brussels
Belgium

RePoORT
TECHNICAL NOFTENR—2

CONTRACT NR. AF 61 (052) 354
JULY 1961

« The research reported in this document has been
sponsored by the Office of Scientific Research
ot *ho 214 RESFARTIHI AND DEVELOPMENT

COMAND, UNITED STATES AIR FORCE
through its European Office. »




Abstract.

After a critical survey of existing theories of erosive burning
and of published experimental data, the combustion mechanism of ammonium
perchlorate propellants is discussed and a model of erosive burning of

these formulations is proposed.

Erosion is assumed to smooth the surfdace whose burning rate is
then controlled by oxidizer regression, no energy being suppliéd’by the
main diffusion flame., Furthermore the adiabatic decomposition temperature
of the perchlorate is assumed to be obtained at the end of the 1aminar :
sublayer whose thickness can be related to mean flow velocity through fluid
dynamics, Correlation of test data permits to determine the transition .
point. Grain design and motor scale are taken into account through local

hydraulics radius,

Low préssures, large radii and high burning rates are shown to

reduce erosive burning.

Finally an attempt is made to explain irregular burning by surface

nature and roughness, through erosivity.
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1. INTRODUCTION.

Experimental data show that the burning rate of a solid propellant
is increased above its normal pressure-dependent value by the presence
of a flow parallel to the burning surface. '

This phenomenon, which plays an important role in internal bal-
listics of high performance rockets, is known as EROSIVE BURNING.

Its existence has been recognized early in the developmentt of
s0lid propellent motors. Despite several importent contributions,
however, it has not deserved much attention until recently, since it
has been possible to cvercome rather easily by cut and try.its major
detrimental effects on relatively small-sized motors.

The cost of firing the very large solid propellant rockets
presently in the development phase precludes this empirical approach.

Moreover the method permits to overcome only the most obvious
disadvantages resulting from erosive burning, such as the appearance
of a pressure peak after ignition, or burnthrough due to uneven combustion
along the grain length and premature contact of “he hot gas with the
chamber wall at the nozzle entrance ‘where the flow velocity is a
maximum.,

The most severe difficulty in studying these phenomena is the
absence of a sufficient volume.of reliable and systematic experimental
information which results in representing erosive burning by means of
oversimplified relationsnips which barely fi%t the data for one propellant
but do not even describe the béhaviour of another similar formulation.
These empirical relationships, which assume linearity between burning
rate increase and flow velocity, Mach number, mass velocity or reduced
mass velocity, may rather satisfactorily represent the phenomenon under
severe erosive conditions. In most cases, -however, they appear to be
insufficient to predict the burning rate urder conditiens of lean
erosion, even if the existence of a controversial "threshold velocity"
is taken into account.

In fact the analysis of available data suggests that the burning
rate dependence on fleow velocity, Mach number, mass velocity or reduced
mass velocity can exhibit many patterns , depending on propellant
formulatiaon and somewhat on combustive pressure. Figure 1 represents
four possibilities which can be encountered.
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Closer analysis shows that the Tturning pate without erosion -o appears

more or less as an anomaly. Under strong erosion it is doubtful that the
parametérs a and n of the classical law:

still play a predominant role.

Any empirical relationship giving the total burning rate r, inclu-
ding erosion effect, in terms of T, is, therefore, suspicious, even if
its use appears itq provide valuable results. This point of view has
been developed in a previous report dealing with the influence of erosive
burning on internal ballistics [ 1 ] .

Prediction of the influence -of such factors as’ grain geometry and
scale or minor changes in formulation on erosive burning could only be
achieved through a fair physical understanding of the phenomenon, taking
into account the combustion mechanism of the propellant.

Moreover an improved understanding of the.burning mechanism and of
the erosivity may provide a tentative explanation for unstable combustion
in solid propellant rockets.

Despite years of intensive restarch by many groups, these problems
are still barely understcod : +h» speculative nature of the present work
is thus plainly realized by the author.’ Indeed, over and above several
drastic assumptions, the theory developed hereunder is entirely based on
a simplified combustion mechanism on which a rather rough fluid mechanics
model has been superpoused for taking dnto account erosive burning. The
combination of  these two theories, however, provides some interesting
possibilities for cross-checking the assumption with the experimental
results; by all means this type of frontal approach is the only possible
one for progressing towards the understanding of the phenomena.

In this report, special emphasis has been given to the case of composite
propellants using ammonium perchlorate as oxidizer, in view of their wide
range of application.




2. SURVEY OF EXISTING THEORIES OF EROSIVE BURNING.

This survey does not intend to describe in details the mathematics
of the varicus theories which have been proposed for explaining erosive
burrning, but rather to discuss the hypothesises on which these models
are based.

All these theories neglect the mechanical effects of flow on the
propellant and assume that the increase in burning rate results from
accelerated chemical reactions under the influence of some mechanism
of fluid dynamics. These theories can be divided in two broad categories
depending on whether the flame structure is taken into account or not.

A. The lLenoir - Robillard Theory.

The best known theory of erosive burning of solid propellants has
been proposed by Lenoir and Robillard [ 2] . It has also been surveyed
by Green, Penner and Schultz who described it as a major advance towards -
a description of the erosive burning mechanism. [ 31].

Lenoir and Robillard have applied an empirical relationship of the
type employed by Rannie and others in studies of heat transfer to trans-
piration-cooled surfaces, under the assumption that the presence of a
flow parallel to the surface accelerates the convective heat tran 6T
between the main gas core and the burning surface.

‘It is believed that this model anffers from a fundamental drawback:
the basis —elationship used by Lenoir and Robillard describes the heat
transfer to transpiration cooled surfaces only when the temperature
gradients, in the gas. are “ue o cuavection only, while in the presence
of a burning surface +the temperature gradients are determined primarily by
the chemical reactions in the combustlon zone, the flow pattern having
only a second order influence.

The good numerical results are not an avsolute proof of the validity
of their model since two constants are computed from experimental data in
order to obtain the agreement.

This theoretical objection is supported by the cbservations of several
authors who reported that erosive burning is not influenced Y%y the temper-
ature of %he mein gas flow | 4, 6, 7, 14} , and even, ir. certain cases
-under sufficiently strong erosive conditions, by the combustion temperatuic
of the propellant itself {14 7.

The theory proposed by lenoir and Robillard has been used successfully
for explaining such behaviours as the inverse dependence cf the erosive
effect upon propellant burning rate or the controversial existence of an
apparent velocity threshold near the fore end of the grain.
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We believe, however, that this success is due 1o the fact that only
a Tew cases of practical importance have been studied without attempting a
systematic investigation of the phenomenon in the {ull range of pressure,
forrmlation, granulation or scale.

B, The Corner Theory and its Developments.

As pcinted out above, the burning rate is primarily determined by
chemical reactions and erosion introduces a second order effect only.
A theory of erosive burning must, therefore, take into account. the flame
structure and describe how it is affected by fluid dynamics. 3Such a
frontal approach is, basically, difficult since it inwvolves the couplinrg
between two phenomena which , even separately, are barely understood
i.e. the combustion meéhanism and the flow field.

a <Corner.

The first approach along these lines is due to Corner | 4}

After having remarked that near the aft end of the charge,under 6
severe erosion, typical values of the Reynolds number range from - 107 to 10
this author used the Prandtl-Karman momentum theory. for representing the
boundary layer and for computing, within the combustion zone, the increzse-
in thermal conductivity .which is introduced by turbul,u e, abecve the
laminar sublayer.

This approach gives the effective thermal conductivity which - 'ken
into account eddy diffusivity, as a function of the distance ircm the
burning surface as well as the mean flow ve3001iy in the section under
consideration. ;

Therefsre it should be possible, in principle, to in“ep*qte the

. Pq s )
equaticns describing the combusiicvi, with o varisble conductivity, at the
rrice of a considerable 1increase in CUT“;letV. ‘

Alternatively a suitable mean value of'the distance from the surface
nmight he selected that would give a mean conductivity applicable in the
most important region of the flame. Corner selected the distance at vhich
the reaction is-half completed. without erosion, an assurption which does
not take into account the fact that this charaot tic distance almost
certainly decreases at the mean fl v velocity increases.

allv quantitative

Altough no serious atiewpt was made to drav sys tica
r the Tollowing

results, Corner's theory provides a ~ood explanation
expverimental facts:

- slow burnin: provellants are more senzitive to erosion than fast burning
ones which are characterized by thinner flares,

- erosive burulng is insensitive to the terwperature of

vathed in ite own preducts and these
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1

+)
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verse motion by the main siream,




~ the threshold velocity below which erosion does not increase ihe burn—
ing rate is due to the penetration of turdbulence in the comdustion z zone .,

Two major objections, however, can be drawn against Commer's approach.

First, from the point of view of fluid mechanics, even its limited
success appears remarkable since it is based upon empirical expressions
for the velocity distribution in a one-dimensional flow adjacent to an
inert boundary and the effects of mass addition normal to the stream are
not considered. This type of one-dimensional approximation would be
expected to yield a reasonably accurate representation of the actnal flow
field only near the aft end of the grain where the ratio of normal injection
velocity to main-stream velocity is low, of the order of 0.01 (31 .

Farthermore the one-dimensienal velocity distribution is valid only
under the assumption of a fully developed turbulence for which the char—-
acteristic dimension in the Reynolds number is the pipe diameter. In
internal ballistics the length to diameter ratio of the perforation is
seldom sufficiently large for neglecting the two-dimensional nature of
the flow field which is influenced by the distance from the fore end of

the grain.

Secondly Corner assumed that the rate controling step of the com-
bustion is the main gas phase reaction. This may be a realistic %soumtion
at the very high pressures encountered in guns, above 1.000 kg/cm
In the normal pressure range used in rocket motcrs, below 100 kv/cm , it
is generally agreed that the rate controlling step is the soli d-phase
decomposition governed by the combustion surface temperature T through an
Arrhenius type relationshirp. i

Furthermore the structure of the flame is rather complex and in many
cases severazl zones Can be d1 stinguished. .

p - Boiscon and Tavernier.

|
In an atterpt to correlate the experimental date obtained by Berger, l
Prache and Tavernier [ § i, Boisson and Tavernier extended the Corner
theory for taking into account the mass-diffusion due to turbulence, in
addition to the increase in thermal conductivity [ 6, 7 1. These authors
concluded that in the low pressure range, the turbulent mass-diffusion has
a predominant influencs on erosive burning. No attempt has been made, how-
ever, for systematically exploring the quantitative influence of the wvarious
parameters.

Although Boissorn and Tavernier contributed to the physical understanding
of ercsive brrning by emphasizing the importance of turbulent mass-diffusion
in tre reaction zone, their theory suffers from the same drawbacks as the
Corner theory: the fluid mechanics model is oversimplified and, moresver,
the assumption of a main gas reaction ccntroling the burning rate does not
appear realistic in the low pressure range.




Y - Geckler.

The first serious attempt to take into account the flame structurs for
computing the erosive burning censtant is due to Geckler. | 8 1.

In his famous survey about combustion mechanisms of solid vropellants
this author adapted the Corner theory for taking into account the flame
structure cf double base propellants which has been developed by Parr, Craw-
ford, Rice and Ginsll. According to this model, the rate controling step
of the combustion is the solid-phase decompositicn which is governed by an
Arrhenivs-type equation, and the gas-phase reaction can be divided in three
parts. Close to the surface exothermic reactions take place in the fizz
zone. Then, in the preparation zone, activated products are formed without
heat production. Finally, when a sufficient concentration of activated
products is achieved, the final veaction occurs in the combustion zone at
the end of which the isobaric combustion temperature is obtained (figure 2).
Furthermore these authnrs have shown that at gufficiently low pressure,
below 100 atm, the thickness of the preparation zone is mucﬁ'greatey than
the thickness of the cther zones, and the heat transfered from the flame
zone into the fizz zone can be neglected. Geckler thus selected the thick—
ness y, of the fizz zone as the suitable mean value of the distance from
the surface representing the most important region of the flame.

Using for y, the values obtained by Rice and Ginell, Geckler computed
for that particular distance, through the Prandtl-Karman momentum theory,
the effective thermal conductivity taking into account the furbulent term
and applied the result to Cormer's equation:

'5’ \ ’
T A 0.5
— - (L)
b o A
with r +the actual rate under erosive conditions,
n _ the cecrresponding burning rate without erosion

A the thermal conductivitr without lurbulence, .

and At the effective thermal conductiviity at distance ¥y taking into

account turbulence.

In applying this method to propellant HES 4016 which has been studied
in great details by Rice and Ginell, Geckler obtained an extraordin;ry good
agreement with the experimental data. He remarked, however, himself that
although remarkable, this agreement is probably fortuitous. Indeed, from
the fluid mechanics point of view, this treatment suffers from the came
drawbacks as Corner's theory discussed previously. Furthermore, the preceding
reiationshiy hav been established by Corner in the assumption of a gas-phase
reaction contrcliing the burning rate. This is not consistent with- the
assumption of the solid-phase decomposition control of the burnindk rate which
has been erphasized through Geckler's survey. Nevertheless this author
remarked that this equation provides a reasonable approximation. For check-
ing its wvalidity, we made a rough calculation which seems to incicate that
the expenent 0.7 may be nore realistic than 0.5.
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Finally, Geckler remarked that this theory suffers from the draw-
back of not teking into account the decrease in the fizz zone thickness
which results from an increase in burning rate due to erosion.

§ — Vandenkerckhove.

In attempting to improve the theory further, Vandenkerckhove
proposed a complex model of erosive burning based on rather controver-
sial phenomenological assumptions, which give fair quantitative results
[ 9.]. After having established the general heat transfer equation across
the fizz zone of a double base propellant, for the~ purpose of relating
the surface temperature T_ to the zone thickness y, and to the temperature
T, reached at the end of %he zone, he remarked tha% this relationship is
valid in the leminar boundary layer, even in the presence of a strong
velocity gradient parallel to the surface, but that in the turbulent
region great caution is necessary.

Nevertheless one can expect that the flame structure still holds
in the transition sublayer where turbulence is not yet fully developed
and where the dimenslons of the eddioo aro much omaller {than the zone
thickness., o

It seems therefore reasonable to assume that, at least in fthe low
velocity range, temperature T, is not significantly influenced by turbulen-
o2 in the preparation zone across which the heat transfer remains negli-
gible.

Furthermore the influence of turbulence is ..ot only 1o increace the
thermal conductivity by transporting hot gases towards the surface.
Hitherto unreacted products are also transported back in the process in
such a manner that they will react closer to the surface. Vandenker-
ckhova thus assumes that inside the fizz zone temperature T, is exactly
reached at the limit of the laminar sublayer. The heat transfer equation
therefore, relates the sar*aczc jemperature, and thus the hurning rate,
to the thickness of the laminar sublayer which depends on mean flow
velocity through fluid dynamics considerations.

Like Corner, he approximated the flow pattern in the perforation
by the well known theory of pipes, in which, for sufficiently large
Reynolds numbers, the transition from laminar to turbulent takes place
at a certain distance y of the surface, charac&erized by a critical value
of the so-called friction distance parameter y . For pipes, this critical
value ranges from 5 to 10. In the problem undér consideration, a some-
what different value can be expected, due to the second order effect of
mass addition whose velocity, perpendicular to the surface, represents
approximately one per cent of the mean flow wvel.city in the region of
interest.

This influence can be taken into account empirically by identifying
the threshold velocity U which is the mean flow velocity below which no
; : v . L . \ i
erosion occurs, as the precise velocity for which the thicknes:t of the
©izz zone is exactly equal to that of the laminar sublaye-.
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In the numerical example, for Utv = 180 m/sec, he found :

Vop = 2.85

which appears reasonable.

Above the threshold velocity, turbulence penetrates the fizz zone,
thus reducing its effective thermal thickness and accordingly increasing
the surface temperature and the burning rate. This increase can be
computed easily if it is further assumed that the critical friction
distance parameter remains constant. “

Despite many drastic assumptions, this theory has been used to
compute a value of the erosive constant of JPN which agrees remarkably
with experimental data. Over and above this agreement, this work
provides a plausible physical explanation for the existence of the
threshold velocity which has been obserwed in several experiences .with
double base propellants (see figure 3 taken from Wi-wpress [12] but
has also failed to appear in many other tests; espec ally with composite
propellants, and has thus been congidered as controversial by many
authors (an attempt to explain these different behaviours is made later
in this report, in section- 4 -~ B),
H

ES

This thaory =ti1) sulfsrs {oow several drawbaclio:

- the influence of mass addition has bsen taken into account in ‘a most -
empirical manner while the influence of the distance from the fore end
of the grain is still neglected.

- a single example has been computed and, due to the lack of experimental
date, no attempt has been made for studying systematically the influence
cf such factors as burning rate, pressure or perforation dimensions.

— finally the calculation has teen based on Rice and Uinell theoretical
results obtained for HES 4016 double base propellant, while the values
of the threshold velocity and erosive coefficient were those measured
for JPN.
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Nevertheless the good numerical results were most encouraging
despite the great numbar of parameters whose values were only epproxim-
ately known,

As for the preceding theories, however, this agreement with ex-
perimental data could be fortuitous cr could result from parameter
value adjustment.

The main purpose of the present report is to check the validity
of Vandenkerckhove theory by applying it to composite propellants and
especially to formulations based on Ammonium Perchlorate which have
never been extensively studied before, despite some preliminary results
for Ammonium Nitrate propellants [10, 117V .

3. EXPERIMENTAL DATA.

A, Burning Rate.

Figure 3, taken from Wimpress, is typical of the early data obtained
for particular propellants without taking apparently into account . such
factors as pressure or motor scale [ 12]. In this particular case, for
J.P.N., the existence of a threshold velocity is clearly observed.

At our best knowledge, the first systemat®c experimental study of
the phenomenon is due to Green who established %“e dependence. between
erosive burning and strand burning rate, for both double--base ‘and compos—
ite propellants [13].

These results are summarized by figure 4, the erosion coeflicient
kN being Jdefined by the relationship:

r o= T, (1 + Xy G/c )

¥
Ty being the burning rate without erosion, and G/G the ratio of actual
mass velocity oV to its critical value, which is a function of MACH
Number [17.

The strand burning rate r_ is taken'at the standardized pressure
of 70.3 kg/cm although the actlal measurements have been perforred at
significantly lower pressure, using a strongly progressive grain_(initial
inner redius equal to 1.5 c¢m.). Green, therefore, has not taken into
account the influence of pressure on erosion coefficient as well as
the existence of the threshold velocity which was unnoticed in most of
his tests. These results have also been correlated by Geckler with
specific heat ratio and adiabatic combustion temperature in a rather
crude manner which. does not take into account the influence of ballistic
rodifiers, oxidizer granulation, or fuel-binder nature [ 8].
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These two references show clearly that fast burning propellants
are less sensitive to erosion than slow burning ones.

The best investigation of erosive burning available in the open
literature has been performed in Sweden by Lake and Marklund.® [ 14].
Their results are represented on figure 5 and discussed in details in
section 4 - B, It is seen that for a sufficiently strong erosion (for
G/G > 0.2 ) the gseverity of erosive burning increases significantly
with pressure as shown by figure 6 which gives dr . as a function
of pressure. ac /a

larklund has recently obtained new and still unpublished results
with both pure ammonium perchlorate and composite propellants [ 15 .
These tests in general confirm our theoretical analysis (see section 4).

X X

-
>4

An increase in burning rate is not necessarily always associated
with erosive burning; in fact some tests suggest that for small erosive
velocities, below 50 m/sec, the burning rate of certain composite for-
mulations may be slightly decreased below T, [13, 14] . This phenomenon
is still unexplained; it may perhaps just be a secondary effect of the
experimental technique.

On the other hand, Price indicated that the so-called mesa double
base propellants usually exhibit decreases in burning rate during oscillat-
ory burning | 16] . Trhis observation suggests that similar decreases may
result from erosive bruning.

B. Influence of Grain Desigr und lovor Scale.

I3

Experimental evidence shows thdt erosive burning is also influenced
by grain design and possibly by port dimension.

In an attempt to correlate the erosive coefficient k, with grain
design, Fenech and Billheimer introduced a configuration factor x *hich
is a measure cf grain complexity:

A Ybeing the flow area of a circular perforation having the same perimeter
aCL + + — v -~ 4 [1' 1
S7than the actual port whose ares is Ap [

It is believed that a similar investigation is described by Saderlolm in
a Thiokol special revort, "Erosive Burning Study of TP — H 8C41 Propellant"
\Conflaenvlal\
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Using Green's relationship, these authors computed the values of kM
wvhich permit to fit best the pressure-time traces obtained by firing the
eight grains represented by figure 7. The results of this computation and
the comparison: with the data obtained by Green are represented on figure
8 from which it is seen that in most cases the erosive coefficients are
significantly smaller than those measured by Green although in two cases

they fall almost exactly on his average line,

These erosion coefficients kM are also represented as a function .
of the configuration factor x¥ on figure 9 which suggests that erosive
burning increases with grain complexity, the least squares line equation
beings :

0.38.

k, = 0.21 X

M

i

The eight tested grains were differing much in configuration
factor x , in port to throat area ratio H, and in standard burning

rate T 149 at 70.3 kg/cme, as indicated by figure 7.
’

It is, however, most difficult to draw definite conclusions from
these results since the mean chamber preséure‘and the port area
(representing the scale) of these motors have not been reported. It is
most probable that these two faryors LaveAa significant influence onx
kM and under the assumption of similar chamber pfessures figure 8
suggests that the experiments of Fenech and Billheimer have been performed
with full scale motors of much larger dimensions than the small test

rockets used by Green.

It must be emphasized, however, that the interpretation of these
results is most delicate in terms of the erosion coefficient kM defined
by an empirical equation which does not take into accouwil the possible
existence of a wvelocity threshold., For instance, it is not surprizing
that grain B of figure 7, whose port throat area ratio is equal to 10,
is characterized by the lowest value of kM. Indeed, upder such
conditions of rather low erosion, it is probably operating near the

threshold velocity and Green's equation can hardly be expected to




Vm

"0 =225 ] x =10 H=100
td =0.790 cm/se = 0.739
732 H 15 x 592 “hes
td 0.579 = 0.739

o std® 0.610 <td® 1.330

FI1G.7




Km

EROSION COEFFICIENT

08
0.6

0.4

0.2

-

0

Green’s Line

A

Green
Fenech

and Billhetmer

© 04

BURNING RATE at 70.3 kg/cm?2 (cm/sec)

0.2

04 06 0810

20

FIG.8




=0.7

Kk

EROSION COEFFICIENT

1.0

em

0.1 : '
1 2 5 5 7 10

CONFIGURATION FACTOR X

FIG.9

15




21

represent accurately the actual phenomenon.

The results obtained by Fenech and Billheimer are average values
computed in the assumption of an equal burning rate along the perimeter
of each cross-sectional area. In fact Dickinson, Jackson and Odgers
reported higher burning rates on the tips of the arms of certain grain
design, than on the rounded portions and sides of the arms [18] .

These authors have shown that this difference in dburning rates decreases
when the grain design is such that the local ratio of burning perimeter
to available port area for gases does not vary much from one point to
another, in a cross-section. They attributed possibly the phenomenon
to cross-flow. Another explanation can be found in the influence of
local port scale which can be assumed to cover both the influence of

motor scale (overall effect) and that of grain design (local effect).

A quantitative theory in this direction is given in section 5.

C. Experimental Techniques.

¥Without entering into the detailed descriﬁtion of the .experimental
techniques, it is essential to emphaéize that measurements on erosive
burning can be obitainea by twaGAys.

Tn the first technique the burning rate measurement is made on
the main grain, either by interrupting the combustion [12, 13] thfough
suitable probes embedded in the propellant [ 18] or by analysis of the
engine performance curve [ 171 . Figure 10 represents the experimental

motor used by Green [ 131,

In the second technique, the test sample is separate from the
main charge, and in general located in a relatively long pipe leading
to the nozzle [ 14, 15]. In some cases, however, the nozzle itself, or
part of it, is made of propellant (5, 6, 7, 14 1. Figure 11 represents
the different arrangements used by Lake and Marklund which have r.:

reported a significant difference between the measurements made with
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tablets and strips [ 14, 193 .

It ias probable that the selucted expsrimental technique somewhat
influences the mezsurements. Indeed in the farst method,as pointed
out before, tha length to diameter ratio of the perforation is seldom
sufficiently large for neglecting the two-diménsional nature of the
flow field which is influvenced by the distance from the fore end of

the grain and by massmaddition.

Cn the other hand, in the second mcthod using a sufficiently long
pipe, a fully developed turbulence can be assumed. Nevertheless the
influerce of the interaction betwesn main flow and mass-addition due

to *he test sample can hardly be asseszed.

In fact the flow fields obtained by the two methods-are somevhat
different and it is not surprizing that the results obtained by the
sacond technique yield in many instances somewhat larger values of

erosive burning than those measured on the main charge (see section 3 - B).
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4, THEORETICAL STUDY OF EROCSIVE

BURNINVNG OF AMNWMONIUMNM

PERCHLORATE PROFELLANTS

A. Burning Mechanism of Ammonium Ferchlorate Propellants.

Before proposing a model of erosive burning of ammonium ﬁeréhlorate
propellants, it is necessary to study in some details the burning

mechanism of these propellants.

The problem is presently rather well understood, owing to . the
recent results obtained by professor M. Summerfield and his group at
Princeton University [ 19! who have confirmed *+he theoretical predictions
previously proposed by Jaumotte and Vandenkerckove | 201 from which the

following analysis is partially drawn.

Much iuformation can be obtained simply by comparing the burning
rate of propellants to that of rure wiwonium perchlorate, as reported
by Friedman and his coauthors [21, 22] . The bufning rates of four
propellants using polystyrene as fuel-binder and differing only by
mixture ratio and granulation are taken from Sumﬁerfield and Marklund's
works [ 143 23 1. The comparison given by figure 12, shows that the
burning rate of the propel}ént can be higher or lower than that of
pure oxidizer, depending on pressure, mixture ratio and granulation;

it can be summarized as follows:

a - for.coarse granulations and low oxidizer contents, the propellant
burning rate is higher at low pressure and smaller at high pressure
than that of pure perchlorate.

o - Tor fine granulations and high oxidizer contents, the burning . .te

is higher at all pressures in the considered range,
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¢c— below approximately 50 kg/cmz, the combustion index n of the propellant
(as given by the classical law r = ap ) is definitely smaller than
that of pure perchlorate which, apparently,.becomes higher than unity
below 40 kg/cmz. o

d- For pure perchlorate, Friedman indicates a limit of flammability =at
about 22 kg/cm2 while Summerfield .has been able to measure steady
propellant combustion down to one atmosphere. This fact suggests that the

burning mechanisms are somewhat different in the low pressure range.

e- Finally the near constant combustion‘index n exhibited by most propellants
in the full pressure range does not suggest that the phenomenon which
controls the propellant burning rate, namely some kind of interaction
between the oxidizer and the fuel, is basically different above and

below the burning rate of pure perchlorate.

It seems reasonable to assume that in the propellant a single oxidizer
particle burns at least as fast as pure perchlorate at the same pressure.
Indeed the decomposition zone of the oxidizer, being of the order of one
micron or less, is generally much thinner than the particle dimensions
and the effect of the interface can thus be neglected. The express?n
"at least as fast" has purposedly been used since the burning rate of
pure perchlorate appears as a lower limit and heat can conceivably be
brought from the main flamé zone back to the oxidizer for increasing its
temperature and deflagr-ticn rave.

It appears,therefore, that in the region situated below the deflagration
curve of pure ammonium perchlorate, the burning rate of the oxidizer is
faster than the average burning rate and that fuel peaks are most probably

protruding the surfacs.

On the other hand, above the deflagration curve of pure apmonium
perchlorate, no clear conclusions can be drawn at this point since the
lower 1limit of the oxidizer deflagration rate in the propellant is

only known.
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If the decomposition flame is the only process of importance, the
perchlorate particles will protrude above the surface of the faster pyroly-
zing fuel; if significant heat transfer exists between the diffusion
flame and the surface, however, both situations can prevail and we must

rely on experiments.

In fact, early experiments have shown that above the deflagration
curve of the pure oxidizer, at atmospheric pressure, large armonium

perchlorate crystals are protruding from the main surface [3, 231,

Later experiments provided much more precise information. Using
high speed cinematography, Barrdre observed a decrease in oxidizer
particle protrusion with increasing pressure [ 24). The interpretation
of these excellent cinematographic records, for determining the surface

structure, remains delicate, especially in the high pressure range.

After similar attempts, Summerfield's group, therefore, develobed

a method whereby small pieces of burning propellant can be extinguished
suddenly by rapid evacuation of the burning vessel due to burst of a
‘rupture disk 118!, This method is believed to leave the propellant
surface intact and unaffected by the rapid pressure drop, for microscopic
gtvdy of the structure. The pictures taken by this method show that at
low pressure the oxidizer crystals project above the fuel surface. As
the pressure incrsases, the crystzls become flush and eventually recede
deeply into the fuei, as schematized by figure 13. Very finely ground
oxidizer particles, however, may be thrown away from the surface as soon

as they are reached by the flame.

For our present purpose several conclusions can be drawn from these
observations.

a - In the low pressure range, below 30 kg/cm2 epproximately, the burning
rate ¢of the propellant is much higher than that of the oxidizer, and
most probably some heat must be transferred from the main reactions
between oxidizer and fuel wvapors, back to the surface.

- b - It seems doubtful, however, that this heat transfer is homogeneous

all over the surface.
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indeed, at tre considered pressure, according to Summerfield, the char-
acteristic chemical tims of the reaction beitween oxidizer and fuel va-
pors is much nborter or at least of the same order of magnitude +than the
characteristic diffusion time [18] . Highly exothermic reactions, thers-
fore, most probably take place very close to the surface at the interface
of the oxidizing and reducing streams, In this region, only a small
fraction of the gas is involved but this may be sufficient for modifying
the surface temperature locally at the interface which has ite own

regreasion rate.

It appears therefore, that the regression rate of the interface

betwsen oxidizer and fuel is of particular importance in controlling the

burning rate of the propellant, in the low pressure range. This. conclusaion

is consistent with the effect of fuel nature, and, overall, of mixturc
ratio and granulation. Indeed a larger oxidizer percentage and a finer
granulation both increase the length of the rate controlling interface
and the number of crystals reached per unit time, thus reducing the
distence actually travedllsd by the interface regression per unit length
urned perpendicular to the average surface.

- It must be emphasized, however, that ir the whole pressure range the
regression rates of the fuel, oxidizer ard intexrface are not much diffa-
rert. TIr particular in the low pressure range the interface to oxidizer
regression rate ratio cannot- be much higher than 1.5? unless ammonium
perchlorats particles are rooted up as represented very schematically by
figure 14 drawn in the oversimpiilied assumption that the regreséion of

a spherical particle is unaffected by the interface.

In fact the actual phenomenon is almost certainly much more complex
the interface regression rate may be influenced by other factors such as
particle size and time, but the general conclusion of similar regression
rates still remains wvalid. '

- In the high pressure range, above approximately 60 kg/cmz, the
burning rate of all the propellants whose tests have been reported in
the open lit:rature is never much higher than the regression rate of
the oxidizer, at least in the absence of ballistic modifiers. It cen,

howaver, be much lowsr but it is in fact often rather similar{ 231].
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This suggests that in the high pressure range the main diffusion flane
does not play anymore a significant role in {transfering heat towards the
surface since otherwise the propellant burning rate would be consistently

larger.

It is not our purpose to discuss much further the complex burning
mechanism of ammonium perchlorate propellants; the preceding considerations,

howaver, are necessary for studying erosive burning of such propellants.

B. Erosive Burning of Ammonium Perchlorate Propellants,

.

Our work relies heavily on the data obtained by Lake and Marklund,
and represented on figure 5[ 14]. These results exhibit a most interest-

ing behaviour.

At high pressure (100 kg/bmz ) the burning rate without erosion of
the three considered preopellants depends in the normal way on mixture
ratio and fuel nature, the mein particle diameter remaining constant

(24 - 30+ ) in the experiments.

Surprizingly enough, however, in the presence of a sufficiently
strong etosion, above 100 m/sec, the influence of mixture ratio eand
fuel nature quickly disrpncazi, L.l &ll three propellants exhibit an

identical burning rate -~ versus - gas velocity relationship.

It appears therefore, that the burning rate without erosion can
be viewed as an abnormal behavior and that in.the presence of erosion, a

classical burning law >f the form :

T = T, multiplied by a function of erosion severity
is risleading since the reference rate T, does not influcnce appreciably

the burning rate-~versus-velocity relationship.

On the other hand, at medium and low pressures (50 and 20 kg/cmz)

this behaviour does not hold true anymore.

Tn these experiments, indeed, the influence of fuel nature remains
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in the presence of erosion, while the influence of mixture ratio still
disappears at 50 kg/cm2 and insufficient data leaves the question open
at 20 kg/cme.

In an attempt to explain these phenomena, the burning rates without
erosion of the three propellants used by Marklund and Lake have also been
plotted oﬁ figure 12. The correlation between figures 5 and 12 1is
interesting. At high pressure, when the'strand burning rates of the low
mixture. ratio propellants tested in Sweden are below the deflagration
curve of pure ammonium perchlorate, the influence of composition disappears
with erosion while at medium snd low pressures, when the burning rate
of the'faster composition is above, the influence of composition subsits,
at least partially. The fact that at S50 kg/cm2 the influence of fuel
nature subsists in the presence of erosion while the influence of mixture
ratio still disappears suggests that a distinction must be made between the

effects of fuel nature and mixture ratio on burning mechanism.

Furthermore one can expect that the controlling factor of these
pheﬁomena is not the relative magnitude of the propellant and oxidizer

"regression rates, tut ralner <vhe surface structure.

Taking for granted that erosive burning results primarily from the
increasing heat transfer which takes place just above tHe surfage, due
to the flow, the following physical model can be proposed. With the
high rugosity characterising the burning surface one can hardly assume
the existence of a nérmal laminar sublayer above the surface protrusions,
butAif is reasanzble to assume that these peaks are eroded much more
severely than the rest of the surface which +then becomes smoother and

smoother with increasing erosion.

a ~ At low pressure when these protrusions consist in oxidizer particles,

their rosion deeg not influence appreciably the burning rate .ntil

o

the surface becomes suificiently flat and an apparent "threshold

velocity"™ exists below which no significant erosion takes place.
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In the presence of a strong erozion the fuel nature 8t1ll influences
the burning rate, a phenomenon which confirms the conclusion that the
regression of the oxidizer particles is markedly accelerated vy heat transfer
from at least part of the diffusion flame.

- At medium pressure some fuel peaks have probably appeared,the threshold
veloolity has almost disappeared except for the higher mixture rétibs
but the fuel nature still influences somewhat the burning rate under

severe erosion conditions.

- At high pressure, the fuel peaks which protrude from the surface are
first eroded. Due to the high oxidizer content their erosion results
in new oxidizer crystals being reached by the flame sooner than without

erosion.

. In this case, no threshold velocity exists and figure 5 shows that
the steepest increase in burning rate with gas velocity corresponds to
the largest difference between erosionless burning rate ‘and deflagration

rate of pure perchlbrate (largest fuel protrusions).

Furthe;more it ha; been concluded previously that at high pressure
no significant heat from the main diffusion flame reaches the oxidizer
particles. These conclusions are confirmed by the experimenfal fact that
the influence of fuel nature, mixiure ratio and probably granulation
disappears when erosion becomes sufficiently severe, thus indicéting that
the decomposition of the oxidizer crystals becomes the singie'controling
factor of the burning rate, the surface being assumed to be sufficiently
smooth (Wifhout erosion the burning rate is also controlled to somé extent
by granulation and mixture ratio, a fact which could perhaps be explained
by the probability, for the flame to pass from one exidizer crystal to

another).

¥hen tre surface is flattened by erosion, the oxydizer, fuel and
interface regression rates become equél. At high pressure the problem
can, therefore, be treated as if the propellant is replaced by pure ammonium

perchlorate (possibly catalyzed by suitable ballistic modifiers).

X X i X




For checking the validity of this phyeical nmodel, it is possibhle
to compute the slops of the sxperimental kM ~ versus - I, ourve obtained
by Oreen (see fignra 4 taken frow {13) } which proposed to represent

erosive burning by the ampirical axgression
T o=z, (1K a/G®)

T, being the burning rate without srosionm, kM the arosive coefficient
and G/G" the rstio of actual mass velocity pV to ite critical value{ 1],

The following computation is carried out at the reference pressure
of 70 kg/cm2 (about 1,000 psi) which can still be conaidered as a rel-
atively high pressur=.

At that particular pressure, interpolation of the data obtained by
Lake and Marklund can b» represented approximately by a astraight line
r - versus = G/G! when T, is equal to 0.65 om/sec, and r = 1,97 cm/soc
for 6/GT = 1, as schematized on figure 15. (ses reference [1] and its
tigare 7 for compiete treatment of this problem of internal balliaties,

taking into account that .s

F T, — R
( ® i N =V ey = 0.529 for v = 1.24.)

p1 T Y

Tha empirical equation, therefore, givas:

1.97
ky = DR 1= 2:0%

This valie is much higher than the one measured by Green; for

that particular buruing rate, i.e.

ky = 0,956

tH

and tXe two series of sxperiments can only be correlated througn the use

of a rather large comfficieut 3

2.045 7/ 0.98 = 2,080

It is ta'iave1 tnat this discrepancy can be explained as foliowo 3
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1/ The experimental +techniques are different as emphasized in section 3.

2/ Although Green correlated his results by using the reference burning
rates at T0 kg/cm2, his measurements have actually been made at a much
smaller pressure, at least at the beginning of the burning time when eros-
ive burning is the largest ( a strongly progressive grain design was

used.).

Under these conditions, an appreciably smaller erosive coefficient

is consistent with the data obtained by Lake and Marklund.

In addition to a correlation coefficient equal to 2.080, if it is
assumed that Green's measurements have been obtained near G/G!E =1,
the slope of the kM - versus - ro curve can be easily computed in the
neighbourhood of the chosen point of reference (ro = 0.65 cm/sec , ky = 0.98).
Indeed the physical model predicts that under a severe erosion, the

burning rate is independent of fo and equal to 1.97 cm/sec in the case under

consideration.

The empirical equation, therefore, gives for 0 = 1 cm/sec 3
1.97 =1 (1 +1.080 k)

or kM = 0,466

Similarly, for T, = 0.5 and 0.2 cm/sec, one gets respectively’

kM = 1.415 and 4.250.

These results are compared with Green's data on figure 16. The
correlation is fairly good, especially if the dispersion of the expe:iméntal

points is taken into account. =

Actually Green's data have been obtained for
G/a* < 1

and a slightly higher correlation coefficlent would have to be used

(2.12 for G/G*) resulting in a somewhat larger slope of the computed curve.
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It must be emphasized, however, that the equation which defines
kM is only an approximate and empirical expression which barely represents
the actual phenomenon in the low velocity range (see the difference
between the plain and dotted lines on figure 15) and that it is, consequent-
ly, difficult to carry the comparisen . beyond this point,

4

Furthermore it must be kept in mind that Green's measurements were
taken at relatively moderate pressure, in & range in which the fuel nature
and possibly other factors are still of some importance under severe

erosion.

In view of the drastic assumptions made, the preceding correlation
does not prove rigorously the validity of the proposed models it is

nevertheless encouraging.
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C. Mathematical Model of Erosive Burning.

3  Solid-Phase Decomposition,

The following method is similar to the one proposed in reference [ 9}
for computing the erosive burning of double base propellants, the so-
called fizz zone being replaced by the oxidizer dJecomposition zone at
the end of which temperature T is obtained. As emphasized previously
this approach is valid only at relatively high pressure, above 50 kg/cm ’
in a region where no significant heat transfer from the main flame zone
takes place towards the surface, thus permitting to compute température

T1 by assuming an adiabatic decomposition reaction.

Under severe erosion , therefore, the propellant can be represented
by a flat surface of pure ammonium perchlorate and the sblid-phase
decomposition, which is considered by the majority of the authors as the
rate controlling step of the combustion, is given in terms of the surface

temperature TS by the Arrhenius type relationship| 3, 8, 251 :

r = Bexp ( -E / R T, ) | (1)

with r the tuching rate
B the preexponehtiul fucton
E the activation energy
and Ro the universal gas constant (1.985 cal/g.mole. °K)

Certain authors however, use a slightly different expression| 26, 27!:
: o
= ) . ]
r B Ts exp ( E / Ro Ts ) (1)
which in practice gives similar results,

f{F Heat Transfer across the Deccuposition Zone.

It is assumed, hereunder, that the heat transfer across the ~as-phase
decomposition zone is due primarily to gas conductivity whereas the
influence of turbulence and radiation can be neglected to a first approxim-

ation.
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At a distance y, away from the burning surface, the chemicel reactions
characterizing the decomposition zone e¢ve completed, and in the absence of

any heat transfer from the flame zone temperature 'I‘1 is obtained.

In order to obtain, as a function of y, the temperature profile within
the decomposition zone, the degree of completion of the reaction at each
distance y from the surface is needed, This could be done through chem-
ical kinetics considerations along the lines used by NACHBAR and others [ 251,
This, however, would increase very much the complexity of the problem and,
overall, introduce many parameters whose numerical values are not accurately

known, thus decreasing the confidence level in the results.

In accordance with several authors (Rice and Ginell, Parr and Craw-
ford, Geckler), therefore, it is assumed, hereunder, that to a first
approximation the total heat release tekes place at once at the end of the

decomposition zone, in the plane y = y1[ 8 ..

In relative motion, the oxidizer being fixed at the burning surface,

no heat source is therefore encountered for
0<y < v,

and in steady state the conduction ecnetion can bo written:

k—g = Pt %(T—Té) (2)

with k the thermal conductivity,

pp the propellant specific mass,

T the flow rate per unit area of the surface,

and cp the specific heat at constant pressure.

This realtionship expresses the equality of the heat flux by corduc-
tion towards the surface and of the heat flux leaving the surface -~ the
form of enthalpy. The term cp Té represents the energy level of reference

vhose expressicn is estabvlished below.
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By introducing mean values of the specific heat ¢ and thermal
conductivity'i, the preceding equation can be readily integrated between

the burning surface ( y = 0, T = Ts) and the end of the decompositicn
zone ( y = Yy T = T1). It yields

T - .
= exXp - % r—2 p— ¥y (3)
T1 - k
X X X X

The value of the energy level of reference E; Té can be computed

as follows: on the burning surface, for y = O, a gaseous phase is produced

at temperature Ts’ and the passage, at that particular temperature, from
solid to gas, can be represented by a reaction of the form:

i3 (4)

Si and Gj repregenting rispecuivery vhe solid and gasecus species; n, and

mj the corresponding numbers of moles. The gquantity of heat Q:Sinvolved
in this generally endothermic process is :

T / T T
s m 8 n 8
Q = - oy A H - 2 ny a By (5)
G. S
J i
T
s .
A Hf representing the heat of formation, at temperature Ts’ of

the considered species.

The term ;; Té has been introduced as the energy level of reference
per unit mass. The heat reaching the burning surface serves for heating

the solid propellant from its initial temperature Ti up to Ts and then
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for achieving the phase change, & process vhich is generally accompanied
by eome chemical reactions, as indicated by equation (4). The energy

balance per unit mass can, thus, be written

T ammm—

Cg(fra-'ri)«uczs = < (TB—T"B) (6)

C being the mean specific heat of the solid phase and the specific heat cp
being assumed to remain constant in the decomposition zone.

The heat of formation is not readily tabulated at temperature Ta but
rather at the standard temperature To = 29 °C, ylelding s

s o - —
o = 9 - G (7g = T,) + e (7, -7 ) (n
Combining equations (6) and (7) gives 3

'c_; (r,-T2) = Q: + T (T, -1y ) (8)

from which the value of Té can be obtained.

'The term (T - T ) represents the fictitious temperature drop which
would be necessary for v"“o“~"“~ﬁ ciiabatically the solid, assuming a

consbant wean vaiue of the specific heat at constant pressure.

For an endothermic surface reaction , this term is positive and it is
thus normal, although somewhat surprizing, that T' can take large negative
values since it is rot an actual temperature butl rather represents a

quantity of heat with its sign.




44

In the presence of erosion due to a flow parallel to the propellant
surface, turbulence takes place in the combustion layer, increasing the
temperature level and decreasing the thickness of the decomposition zone.
The surface temperaturs, therefors, increases together with burning rate,
and equation (1') can be writtens

T
T g \P E 1 1.
= = =) ey (3 - 7 ) (9)
1) S0 o 80 8

subscript o indicating the absence of erosion,

Within the decomposition zone, temperature T, is obtained at a points

1

where the decomposition reactions are possibly not yet entirely completed.
The conduction equation can be written directly between that point y; and
the burning surface, across a region in which the flow can be assumed to

remain laminar.

Favations 3 and 9 give @

A e
== = exp |~ o £ yir (g— ) ey (5—-5—) (10)
T, - T; k g0 o 80 8

Equations (9) and (10) permit to compute T, and r/r0 corresponding to

each value of the effective decomposition zone thickness 1

1 r
yio~ ¥y

v~ Fluid Dynamics.

The dependence of erosive burning on the effective decomposition - ~ne

thickness y%, at the end of which temperature T, is obtained, must be

1
supplemented by & yelationship betwsen y! and the mean flow velosity V
PP N g J1 J
(or ¥och nurber, or mass veiw.i'j,; porallel +o tha propellant surface.
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Within the flame, the picture of separate zones is probably fairly good
vwhen it is applied to the case of an end-burning sérand vwhere the gaﬁ flow
is approximately laminar (some turbulence, however, appears to take place
at the interface between fuel and oxidizer vapors) and one-dimensional,

directed normally away from the surface.

In the much more complex cass of a significant velocity parallel to the

surface, one can raise the question of the validity of this model.

It has been assumed, hereunder, that the presence of a strong veiocity
gradient in the boundary layer does not alter appreciably this picture in
the laminar sublayer where all transport of heat and chemical species is

accomplished by movements on a molecular scale.

In the turbulent region, however, eddies play an important role in the
transport phenomenon and it is‘clear that the picture of separate zones
does not hold anymore. Nevertheless one can expect that this flame structure
stil1l holds in the transition sublayer where turbulence is not yet fully
developed and where the dimensions of the 2ddies are much smaller then the

thickness of a zone.

Furthermore one can expect, as a working assumption, that inside the
decomposition zone temperature T. is ohtained exactly at the limit 6f the
laminar sublayer. Indeed turbulegce in the upper laysrs of ithe flame is
not yet fully developed, its influence is not only to increase the therm=zl
conductivity by transporting hot gases towards the surface but hithefto
unreacted products are glso transported back in the process in such a

manner that they will react closer to +the surface.

The protlem of predicting the boundary layer behaviour in a rocket motor
perforation is a very complex one which does not appear to be rigorouely

tractable. '

The effect of mass addition alone is already difficult to predict: for
a plate, indeed, it results in an increased thickness of the laminar sub-

layer whila fu- - =ine it may 3rtually decrease the laminar asublayer since
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the effect of fluid injection at the wall is to accelerate the main
stream velocity [ 28 ] . The presence of severe temperature gradients in
the flame , the complex grain design, and the fact that the length to
diameter ratio of the perforation is in general relatively small still

increase very much the complexity of the problem.

Nevertheless, in practical cases of erosive burning, the velocity
component perpendicular to the surface does not, generally, exceed one
per cent of the mean flow velocity, and it seems possible, following
Corner and Geckler, to use +the well know theory of flow in rough pipes.
as a first approximation |4, 81 . Although this drastic simplification
can hardly be completely justified on theoretical ground, it appears to
give fairly good results in practice when the +theory is used with caution
and experimental data are exploited for computing the numerical value of
some parameters in an effort to adapt the equation to the actual case

under consideration.

In the theory of flow in rough pipes, the mean flow velocity V is

expressed 1in terms of the so-called friction velocity Ve by the relation-

ship:
R’v"x .
- LTS+ BT 15z .
V va (1 L PR P 610 v ) . (11)
where F is the pipe radius and v = u/gp is the cinematic viscosity, u

being the absolute viscosity and gp the specific weight.

In the laminar sublayer the flow pattern is entirely determined by the
viscous stresses. Neglecting the velocity component perpendicular to the
surface, therefore, it can be written, vy analogy with the theory of pipes:

v v
¥ =X (12)

v

y' being the so-called friction distance parameter and y the distance from
the burning surface. Egquation ( 12 ) defines the laminar sublayer “1p %0 a
critical value of the friction parameter :

a

yCI‘
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which is characteristic of the problem and represents the distance at
which turbulence appears. In the theory of rough pipes, the critical
value is about 53 in the problem under consideration it is reasonable

to expect a somewhat lower value due +to the mass addition and the pres-
ence of the flame. In fact, in a previous computation dealing with a
double base propellant [ 91, it has been found 1

*

or 2.85

y

and in the following section, wvalues ranging between 0.4 and 0.7 are
found, depending on the ratio of perpendicular velocity to mean flow
velocity, for ammonium perchlorate propellants whose flame is strongly

heterogeneous (see figure 18).

According to the preceding assumptions, therefore, turbulence appears
above plane y; where temperature 'I‘1 is reached in the absence of sign-
ificant heat transfer from the main diffusion flame, and equation (12)
can be written:

* v_ ¥y!
x Y1 .
Vor = T : oo (3)

Equations (11) and (13) provide the relation between y} and V, assuming
that the proper value of Yor is obtained from correlation of experimental

L

data. Elimination of vy between these two equations gives 1

Yor Y R y;r |
V=5.75 0.30435 + logyq —57— (14)
¥y 1

8 — Numerical Applicatiion.

Under severe erosion the propellant can be schematizecd by a flat sur—
face of pure ammonium perchlorate whose solid-phase decomposition is
represented by equation (1) or (1'). Figure 17 represents the surface
temperature Ts as a function of burning rate r, as given by the following

three recent references :
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A - Chaiken and Andersen [ 251 .
Tt = 4600 exp ( ~ ZOOOO/ROTS)

B ~ Andersen and Chaiken [271.
r= 31T exp (- 22000/RT)
C - Johnson and Nachbar [26] .
r = 5.88 T exp ( ~ 19160/R°Ts)

r being given in cm/sec.

These empirical relationships have been obtained dy "hot plafeﬁ pyrolysis.
Figure 17 also represents a single point giving the lower limit of Te as
FPriedman obtained by an entirely different technique consisting in the

opfical measurement of the surface temperature [21] .
X X X X

The strongly endothermic reactions occuring at the surface can be re-

presénted as follows j21, 26

NH,C1 0, OE NHB(g) +HCl 04(g) - 56.00 kcal/mole oxidizer (4)

For the mean specific heat E; in the decomposition zone, Johnson and

Nachbar use [26]s
c_ = 38.08 cal/mole oxidizer, °K, in agreement with our computation, at

1300 °K, which gives E; = 36.34 cal/mole oxidizer, °K.

For the present calculation, the following value has been selecteds

E; = 37.00 cal/mole oxidizer, °K.

Equation (8), therefore, can be written

QO
_pr - s _ 56,000 _ 0
T - T - = 35 1514 °K
P

for Ti = To = 300 °K, and finally

Tt = - 1214 °X.
s

rather represents

|_l
o+
1]
{
H
v
ot
Eﬁ
&
g
[#1
t

It is clear that T; is not an actua

an energy with its sigm.




The adiabatic combustion temperature of ammonium perchlorate 1is equal
to temperature T1 at the end of the decomposition zone. Our computation,v
assuning the simplified reactions

NH4 c1 o4 (s) » 1.5 H,0 + HCl + 0.5 N, +1.25 0,

gives 1

T1 = 1430 °X

a value which is in agreement with
T1 = 1440 °K

computed by Friedmen (21 at 100 at. and taking into account the minor
concentrations of Cl, NC and N02.

X X X

Friedman uses the following value of the thermal conductivity in the

decomposition zone [ 21]s

k = 0.00016 cal/cm sec °K

which gives 3

S .
—Ef' = 1937 cm sec/g
k

Our computation, using Eucken's realtionship, gives at 1300 °K 3

c
~—_—_P-— = 1484 cm sec/g

and ¥

the following value has been selected for the present calculation:

il

g

= 1750 cm sec / g.

wl

St
IS
|3
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Using these numerical values, equation (10), describing the heat trans-

fer across the decomposition zone, can be written:

Ts + 1214

= exp ( -~ r 3412.5 y! ) (10)
2644

for oy = 1.95 g/cm3.

Used together with equation (1) or (1'), it permits also to represent
thickness y; as a function of r, for the three sélid—phase decomposition
laws which have been considered previously, as shown on figure 17.

It is seen that the curves representing both ’I‘El and y:, are relatively

well grouped together s in the following computation, curves B have been
rather arbitrarily selected.

X X X
Determination of the actual wvalue of the critical friction distance
parameter can be obtained through correlation of experimental data such

as those of Lake and Marklund [ 14 which can be summarized as follows:

Propellant : 75/25 polysulfide — epoxy 1

P v T X;< Ts v ,
kg, m__ ol v °K 107 cm
cm secC 88cC . '
100 150 1.257  0.00703  1124.0 0.297

200 1.447  0.00607  1140.0 0.240
250 1.619  0.00543  1153.6 0.200
50 150 0.85 0.00967  1082.2 0.485
200 0.965 000809 1094.0 0.420
250 1,053 _ 0,00706 __1103.5 0.373
20 150 0.568  0.01588  1036.0 0.850
200 0.603  0.01264  1042.5 0.770
250 0.636  0.01067  1048.0 0.720

vhere V is the velocity component perpendicular to the surface vhich, in
re

the region of importance for T = 1400 oK y 18 given by 1
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A S 1:95 z . 8400 r
' p 981 10 P r
8136.6 .44
27 107 1400

p being expressed in kg/cm2 ( & molecular weight of 27 has been assumed).
The value of Ts and y; have been obtained by using figure 17.
The experiments of Lake and Marklund have been performed using a tube

1.5 em in diameter. In the decomposition zone, for T = 1400 °K, our

computation gives

wo= 0,562 1073 g/cm  sec.
3 -
ge = 21210 - 2.325 1074 p &=
812?,6 104 1400 : cm
0.562 107> 2.417 om°
and Vo= -4 = sec
2.325 1074 p P '

p being expressed in kg/cmz.

The value

2
v = 2.2 cm
P sec

is used below, although it is no* alezi whether the mesn value in the

decomposition zone or ir the mean flow has to be used.
For T = 2000 °K , a rough estimate gives i
W= 0.77 1073 g/cm sec.

and voe 2l SR

It is seen from equation (14) that y;r varies approximately as the
reciprocal of v. The selection ¢f a larger value would, therefore, decrease

y;r accordingly without influsncing the subsequent computation, however.
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Equation (14), with the preceding numerical wvalues, gives !

ML - 0.30435 + log,~ 1.5 3 _ + log,~ —r
14,375 cr _ 10 * cr 10 y;

from which figure 18 has been computed, giving y;r as a function of V, /V

for the nine experimental points selected above.

Figure 18 shows that y;r seems to be almost entirely determined by
ratio V; /V, velocity V and pressure p having only a minor influence. In
the subsequent computation, therefore, the dotted mean line is used for

approximating the dependence of y;r on Vl/V.

It is interesting to remark that this dependence is very much influenced

by the selected numerical value; in a preliminary calculation using s
o]
Q = 36.32 kcal/mole oxidizer
a simple relationship between y;r and vi/v was hardly noticeable.
X X X X
The preceding results, obtained by correlating experimental data with

theory, will be used in the folleowing section for computing the influence

of grain design and moior scale on erosive burning.
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5« INFLUENCE OF GRAIN DESIGN AND MOTOR SCALE .

Experimental data discussed in section 3 - B suggest that local port
dimension covers both the influence of motor scale (overall effect) and
that of grain design (local effect).

Quantitatively the influence of local perforation dimension can be
taken into account by replacing the pipe radius R in equations (11) and
(14) by the local hydraulic radius R

- Cross—-sectional area ’ (15)
Rh Wetted perimeter

In particular, at 70.3 kg/cmz, equation (14) can be written:

vV y!
1 * 1
gsoqs — (030435 + logy v + logy, 2 ) = logyq Ry (14)

from which figure 19 has been computed.

It giveszh as a function of y; for twe particular values of the mean
flow velocity V = 200 and 400 m/sec, taking into account the dependence

of y;r on V, /V as given by figure 18.

The dependence of burning raite i on y% 18 alsc renresented on figure

19 which serves as an auxiliary diagram for computing figure 20.
The relaticnship defining kM can also be written

r - *

Tk OO (16)

and for a given value of G/G (of V or M), in the presenve of a sufficiently
strong erosiorn, the proposed theory assumes that the burning rate is in-

dependent of T, ! it is expected, however, to depend on hydraulic radius.

Comparison between two cases differing by sitrand burning rate r and
18]

hydraulic radius R_ can be carried out using the following relatidnship :
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1] | . [}
To (= T o) k!M *
) = §w— for G/G, VorV given . (17

M

! (ru - "
[o} o}

the reference case being indic&ted by ! and the other one by ".

In the following computation no attempt is made to arrive at absolute
valuss of the erosion coefficient kN but rather to relative variations,

assuming a refsrence pointi

T - 0.65 cm/sec

=1,
k M 1.00

and R'h = 1,5 cm.
at 70.3 kg/cm2. These values are selected in accordance with Green's

data for the purpose of oObtaining a value of]h'M equal to unity:

" The results obtained by Lake and Marklund suggest a larger value at
that particular point while those of Fenech and Billheimer may apparently
be interpreted as indicating a lower value (the motor dimensions and the
pressure level corresponding to these experiments, however, are.not reported)
13, 14, 17} .

The computation of figure 20 can be carried out in the following manner:

a - for r'o, R'h anéd V given, the corresponding value of r' is obtained on

figure 19 (see dotted line:),

b - for V given, the values of r" corresponding to different wvalues of
R p are obtained on figurse 19,
¢ - for V given and arbitrarily selected valuss of r“o, the corrssponding

values of k"M are computed through equation 17.

Figure 20 shows that the erosion coefficient kM decreases witlh increas-

ing values of hydraulic radius Rh and of strand burning rate r .
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The range of variation of kM is apparently in relatively good agreement
with the results of Fenech and Billheimer, although no definite conclusions
can be drawn without complementary information on pressure level, motor

scale and possibly ballistic modifiers(17].

For fixed values of Rh’ the dependence of kM on r is normal s it

results directly from the correlation for section 4-C-56

The influence of mean flow veloocity V, however, musi be discussed with
the greatest caution § it results mainly from the fact that equation (18)
is an empirical approximation which poorly describes the phenomenon, and
does not take into account the existence in certain cases, of the treshold
velocity as discussed previously (the strand burning rate of the reference
point has also been selected for the fact that it corresponds to a
negligible threshold wvelocity in the interpolation of the results obtained

by Lake and Mark]und [1, 141 ).
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6, A TENTATIVE EXPLANATION OF IRREGULAR BURNING IN SOLID PROPELLANT ROCKETS.

Several excellent survey-papers have been presented recently by McClure ,
Price and others on the important and difficult problem of unstable burning
in solid propellant rockets[ 29, 30].

Generally these authc.'s emphasized the poor present understanding of the
phenomena involved and the necessity to take into account the burning

mechanism of the propellant.
For our purpose, their conclusions can be summarized as followss

- under certain conditions, many but apparently not all propellants have the

intrinsic ability to support oscillatory burning,

- actual initiation of oscillatory burning of an intrinsically unstable
propellant results from an extremely delicate gain-loss energy imbalance

which is influenced by a great number of factors,

-~ in many cases oscillatory combustion gives rise to irregular burning

characterized by large and erratic variations in mean chamber pressure.

The desirability of a clear distinction beiween oscillatory and irregular
burning compiicates the problem and the greatest caution is imperative in
this difficult matter. DRNecenty progress in understanding the steady-state
burning mechanism of ammonium perchlorate propellants (see section 4 -A),
however, have been sufficient for justifying a tentative phenomenological
explanation Tor the intrinsic ability of a propellant to support oscillation

and burn irregularly under certain conditions.

It seems reasonable, indeed, %o sxpect that the surface erosivity, and
possibly also acoustic admittance, in other terms the propellant response
to small velocity and pressure perturbations is much larger for a smooth

surface than for a rough one.

Moreover, roughness is not the only criterion, another most important
surtace characteristics being the nature of the protrusicns. At ..ow
pressures, the surface protrusions are made of ammonium perchlorate which,

alone, is a fair moropropsellant probably capable of amplifying perturbations.
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On the other hand, at high pressures, the apparent surface consists
in fuel peaks generally made of rather inert substances whose regression
can bhardly be expected to be influenced much by small perturbations.
This may not be true anymore, however, for active fuels such as nitro-

cellulose.

The discussion is summarized by figure 2! which reproduces experimental
data obtained by Landsbaum, Kuby and Spaid [ 31] and gives the severity of
irregular burning, as measured by the ratio of the dincrease in pressure to
the normal chamber pressure, as a function of combustion to throat ares
ratio K which is itself a function of pressure ( K = 100, 200 and 300,
correspond respectively to ;o = 170, 390 and 710 psi). This figure also
represents the type of surface which corresponds to the various behaviours,

a nearly flat surface being assumed to give maximum instability.

One may be surprised by the sharp decrease in severity observed just
above that particular pressure. A possible explanation is that, in this
region, the rapid appearance of even a limited number of fuel peaks over
the main surface almost completely prevents the establishment of small

velocity oscillations over the active surface of the oxidizer.

The small amount of erosivity remaining in region D may be due to a
few large crystals still slightly protruding (bimodal distribution) and

in many instances the existence ol this region has not been observed [ 31].

This theory assumes that small oscillations mainly affect the protrusions;
it is consistant witk the view that erosivity plays a predominant role in

irregular burning described by Brownlee and Marble [ 32].

Although the acoustic admittance of the propellant -2n be also expected
to depend on surface rugosity, thié theory may not necessarily provide the
complete explanation for oscillatory burning, and other factors, such as the
gas~phase reactlons, may have to be taken into account, as proposed by

Barrére (241,

>
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Let us now discuss briefly some of the conclusions which can be drawn

from this theory.,

It can be shown easily, through comparison between burning rates of
propellents and pure ammonium perchlorate, that an increase in oxidizer
content oxr a decrease in crystal average size both result in a decrease
in surface rugosity and a stronger tendency for the perchlorate to stay
protruding above the surface, both factors favouring the ability to

sustain irregular burning [19, 201,

Along these lines, the influence of aluminym powder in suppressing .
irregular burning could be explained, tentatively, by an increase in
surface roughness through cratering and the detachment of crystals away

from the surface, as observed by Barrdre [ 241.

This theory may perhaps also be applied to other formulationss indeed
the flat active combustion surface of double base propellants may explain
the apparent absence of any particularly orderly dependence of severity
of either oscillatory combustion or irregular burning on pressure, i»

tests on a variety of formulations [ 331.

On the other hand the systematic protrusion of fuel peaks over the

burning surface of ammonium nitrete propellants may be the origin of

their stable behavicur.
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